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Abstract
We have studied the electronic structure of the molecular ferromagnet β-Mn
phthalocyanine (β-MnPc) in a polycrystalline form, which has been reported
to show ferromagnetism at T<8.6 K, by x-ray absorption spectroscopy (XAS)
and x-ray magnetic circular dichroism (XMCD). From the experimental re-
sults and subsequent cluster-model calculation, we find that the ferromag-
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netic Mn ion in β-MnPc is largely in the 4Eg ground state arising from the
(eg)
3(b2g)
1(a1g)
1 [(dxz,yz)
3(dxy)
1(dz2)
1] configuration of the Mn2+ state. Con-
sidering that the highest occupied molecular orbital (HOMO) of MnPc with
the 4Eg ground state originates from the a1g orbital of the Mn
2+ ion, it is pro-
posed that a1g-a1g exchange coupling via the pi orbitals of the phthalocyanine
ring plays a crucial role in the ferromagnetism of β-MnPc.
Keywords: X-ray and -ray spectroscopies, synchrotron radiation, exchange
and superexchange
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1. Introduction
Transition-metal phthalocyanine (Pc) molecules [see Fig. 1(a)] have at-
tracted great interest in materials science because of their wide applications
in the areas of gas-sensing devices, biological engineering, organic field effect
transistors and pigments [1, 2, 3, 4, 5, 6]. Their interesting magnetic prop-
erties, e.g., ferromagnetism and manipulating magnetism, of the transition-
metal Pc [7, 8, 9, 10, 11] allow us to design the new generation molecular
electronics with enhanced functionalities such as the molecular ferromagnets.
In particular, there has been interest in the ferromagnetism of the β poly-
morph of Mn phthalocyanine (β-MnPc) [12, 13, 14, 15, 16].
The magnetic susceptibility of β-MnPc obeys the Curie-Weiss law with
a positive Curie-Weiss constant and the Curie temperature Tc is determined
to be 8.6 K [12, 13, 14]. In β-MnPc, each Mn atom is located directly
above or below the N atoms of the adjacent parallel MnPc molecules, as
shown in Fig. 1(b), and the distance 3.38 A˚ between the Mn and adjacent
N atoms is shorter than that in other transition-metal Pc’s in the β-type
crystalline form [16]. Also, ferromagnetism has been observed experimen-
tally only in the β-type crystalline form [12, 13, 14, 15, 16]. Therefore, it
has been expected that the ferromagnetism comes from super-exchange in-
teraction between nearest-neighboring Mn atoms via the pi orbitals of the Pc
ring, namely, pi-orbital-mediated intermolecular interaction [12, 15, 16]. On
the other hand, according to recent density functional theory (DFT) calcu-
lations [10, 11], it has been pointed out that the super-exchange interaction
should lead to structure-independent antiferromagnetic correlations. Thus,
magnetic coupling in β-MnPc has not been clarified yet and more informa-
tion about the electronic configuration of Mn ions in β-MnPc is necessary to
elucidate the nature of magnetic interaction.
The molecular symmetry of MnPc is almost square planar coordination
(D4h), with tiny distortions out of the molecular plane [17, 18, 19]. In the
D4h point group symmetry of MnPc, the Mn 3d level is split into a1g(dz2),
b1g(dx2−y2), b2g(dxy), and eg(dxz,yz). Magnetic circular dichroism (MCD) and
UV-visible measurements of MnPc [20] suggest that the ground state of the
Mn2+ ion is a 4Eg state with the (eg)
3(b2g)
1(a1g)
1 configuration, as shown in
Fig. 1(c). On the other hand, the magnetic susceptibility and magnetization
data at higher temperatures [12] are only weakly anisotropic, suggesting a
quartet spin state in which some excited 4Eg term is mixed via spin-orbit
coupling into the 4A2g one [(b2g)
2(eg)
2(a1g)
1, see Fig. 1(c)]. Because there
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has been little experimental information about the electronic configuration of
Mn ions in β-MnPc nor the exchange interaction between MnPc molecules,
clarifying the electronic structure of β-MnPc experimentally is expected to
open up opportunities to develop new materials with novel functionalities in
the field of the molecular ferromagnets.
X-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichro-
ism (XMCD) in core-level absorption enable us to study the element specific
electronic structure of β-MnPc. The line shapes of absorption and dichroism
spectra are fingerprints of electronic structures such as the valence of Mn ions
and the symmetry of crystal fields. In particular, XMCD is a powerful tool
to study element-specific local magnetic states [21]. Here, we report on the
magnetic-field dependence of dichroism at the Mn 2p→3d absorption edge
to study the local electronic structure of magnetically active Mn ions. We
also discuss the ground state of the ferromagnetic (FM) Mn ion in β-MnPc
based on the experimental results and subsequent cluster-model calculation
[22, 23, 24]. Since the Mn ion in MnPc is coordinated by N atoms and can be
described by the MnN4 cluster model, the cluster-model calculation provides
us with information about the ground state of the Mn ion [24, 25, 26].
2. Experimental
The crystal structure of β-MnPc is body centered monoclinic with a =
20.2 A˚, b = 4.75 A˚, c = 15.1 A˚, and β = 121.7◦ [14]. Single crystals of β-
MnPc were obtained from MnPc powders (Aldrich) purified by the vacuum
sublimation (∼ 5×10−3 Pa) and we confirmed the purity of the material by
the mass spectrum of our samples using the matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry (MALDITOFMS) method.
A large number of single crystals of β-MnPc were powdered as found by
an earlier study [14]. The magnetization curve measured with a supercon-
ducting quantum interference device (SQUID) indicated that β-MnPc in a
polycrystalline form exhibited ferromagnetism below T ∼ 8.6 K as shown in
Fig. 1(d), consistent with the earlier magnetization measurements of β-MnPc
[12]. These results suggest that our samples are β-type crystalline form. As-
sour and Kahn [27] have reported that the β-phthalocyanine is invariably
the only polymorph prepared by the sublimation methods, which are found
to be the most effective purification and crystal growth processes for these
metallo-organic complexes. For the XAS and XMCD measurements, we put
powders consisting of β-MnPc single crystals on the copper sample holder.
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We note that XMCD is an element-specific tool and the Mn 2p→3d XMCD
signals are free from possible magnetic signals from the sample holder.
XAS and XMCD measurements were performed at the undulator beam
line BL-23SU of SPring-8 [28, 29] and spectra were recorded in the total-
electron-yield (TEY) mode (probing depth∼5 nm). The degree of circular
polarization was higher than ∼ 95%. The monochromator resolution was
E/∆E > 10000. Magnetic fields H up to 8 T were applied perpendicular
to the sample surface. All the experiments were performed at T∼6 K (read
temperature). However, due to thermal contact, the actual sample temper-
ature is at most ∼ 1 K higher than read temperature using a thermocouple
attached to the sample holder.
3. Results and Discussion
Figure 2 shows the Mn 2p→3d XAS and XMCD spectra of β-MnPc taken
at H=8 T. Here, µ+ and µ− refer to absorption spectra for photon helicity
parallel and antiparallel to the Mn 3d spin, respectively. The structures
around hν = 642 and 653 eV are due to absorption from the j = 3/2 (L3)
and 1/2 (L2) components of the Mn 2p core levels, respectively.
Figures 3(a) and (b) show the Mn 2p→3d XMCD spectra of β-MnPc
measured at various magnetic fields. In Fig. 3(c), we have evaluated the
orbital magnetic moment (Morb), the spin magnetic moment (Mspin), and
the total magnetic moment (Mtot.=Mspin + Morb.) of the Mn
2+ (d5) ion as
functions of magnetic field using the integrals p, q, and r indicated in Fig. 2
[30, 31]:
Morb = −
4(∆AL3 +∆AL2)
3(AL3 + AL2)
nhµB, (1)
Mspin + 7MT = −
2(∆AL3 − 2∆AL2)
AL3 + AL2
nhµB, (2)
where AL2 (AL3), and ∆AL2 (∆AL3) are the L2- (L3-) edge integrated XAS
and XMCD intensities, respectively, nh is the 3d hole number, and MT is
the magnetic quadrapole moment. Here, we assumed nh to be 5 because
the formal number of 3d electrons of Mn2+ ions in MnPc is 5. In general,
the value of MT is negligibly small compared to spin and orbital magnetic
moments. Therefore, we assumed MT to be zero, following the earlier works
[32, 33]. Due to the relatively small L2-L3 spin-orbit splitting compared to
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the 2p-3d Coulomb-exchange interaction, the spin magnetic moments esti-
mated from XMCD is underestimated. According to an atomic calculation
[34] taking into account the multipole electron-electron interaction, the de-
viation estimated from XMCD results is about 32% for Mn2+. Therefore, we
considered the correction factor [34] in the estimation of the spin magnetic
moments from XMCD results. Figure 3(c) shows almost paramagnetic be-
havior, but one observes finite XMCD signals down to H=0.1 T as shown in
Figs. 3(a) and 3(b), indicating the presence of FM component due to the Mn
ionic states. The observed paramagnetic XMCD signals may have originated
from the presence of different crystalline phases or impurities on the pow-
der sample. We consider that the magnetic-field-dependent XMCD signals
in this sample mainly come from isolated and uncoupled MnPc molecules
and/or antiferromagnetically coupled canted magnetic moments in the α-
phase. Indeed, the negative CurieWeiss constant, indicating the existence
of the antiferromagnetic interaction, was observed in α-phase films of MnPc
[10].
In Fig. 4(a), the Mn 2p→3d XMCD spectrum at H=0.1 T is compared
with cluster-model calculations for the 4Eg and
4A2g ground states of the
Mn2+(d5) ion. The XMCD spectrum at H=0.1 T is expected to be mostly
due to the FM component, because the paramagnetic XMCD signals is pro-
portional to magnetic field. In the planar square MnN4 cluster with the
D4h symmetry, the Mn 3d-N 2p transfer integrals T (γ) can be described
using the Slater-Koster parameters (pdσ) and (pdpi): T (b1g) =
√
3(pdσ),
T (a1g) = (pdσ), T (eg) =
√
2(pdpi) and T (b2g) = 2(pdpi) [35, 36]. We have
assumed that the Mn 3d orbital energies ε(γ) are given by ε(γ) = αT 2(γ).
For the Jahn-Teller active 4Eg configuration, a small D2h distortion of the
MnPc molecule caused by the Jahn-Teller effect is further included by dif-
ferentiating the values of hopping integrals for two kinds of eg orbitals (the
yz and zx orbitals): T (eg) =
√
2(pdpi)(1± δ/2). Since the MnPc molecule is
highly anisotropic and polycrystalline samples were used in the experiments,
the XMCD spectra are averaged over all possible directions of the molecule
in the calculations. The magnetization direction is assumed to be parallel to
the magnetic field. Note that the spin-orbit interaction of the Mn 3d orbitals
has been taken into account in these calculations.
The best fit to the Mn 2p→3d XMCD spectrum at H = 0.1 T of β-MnPc
can be achieved with the electronic structure parameters α = 0.28 eV−1,
(pdσ) = -1.73 eV, (pdpi) = 0.75 eV, δ = 0.1, the charge-transfer energy
∆ = 1.0 eV, the averaged Coulomb energy between 3d electrons Udd = 5.0 eV,
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and the core-hole potential Udc = 6.0 eV. The charge-transfer energy ∆ is
defined as [E(3dn+1L)-E(3dn)], where E(3dn+1L) and E(3dn) are the average
energies of 3dn+1L and 3dn configurations, respectively. The peak positions
and the relative intensities among the peaks are reproduced well with this pa-
rameter set. The Mn 3d level ordering in the initial state is b1g>>a1g>b2g>eg
and the ground state is the intermediate spin S = 3/2 state with the 4Eg
configuration [12, 18]. Thus, we consider that the ferromagnetically active
component of β-MnPc comes largely from the 4Eg ground state of the Mn
2+
ion. For comparison, the spectra with the 4A2g ground state is also calcu-
lated. The parameters are identical to the above calculations except for the
values of the hopping integrals and energy levels of the eg and b2g orbitals
being interchanged so as to obtain Mn 3d level ordering b1g>>a1g>eg>b2g,
which favors the 4A2g configuration [12]. The calculated XMCD spectrum of
the 4A2g ground state does not reproduce the FM component of the experi-
mental one. Other parameter sets have been also examined for the spectra
with the 4A2g ground state. However, we found rather poor agreement with
the experimental spectrum. We also found that the experimental XMCD
spectrum cannot be explained with the high-spin (6A1g) ground state.
Based on the DFT[18] and DV-Xα[37] calculations, the highest occupied
molecular orbital (HOMO) of MnPc with the 4Eg ground state originates
from the half-filled a1g orbital of the Mn ion. Since the HOMO of a molecule
affects its physical properties, the a1g orbitals of Mn are expected to affect
the ferromagnetism of β-MnPc. Considering the orbital symmetry of the pi
orbitals of the Pc ring [12, 16], we suggest that Mn a1g-a1g coupling via the
eg orbitals of the Pc ring plays a crucial role in the FM coupling of β-MnPc,
as shown in Fig. 4(b).
4. Conclusion
We have performed Mn 2p→3d XMCD measurements on β-MnPc. From
the magnetic-field dependence of dichroism at the Mn 2p→3d absorption
edge, the XMCD signals due to the ferromagnetic Mn ions were observed.
Based on the Mn 2p→3d XMCD results and subsequent cluster-model calcu-
lation, we find that the ferromagnetic Mn ion in β-MnPc is largely in the 4Eg
ground state arising from the (eg)
3(b2g)
1(a1g)
1 [(dxz,yz)
3(dxy)
1(dz2)
1] configu-
ration. Considering that the highest occupied molecular orbital (HOMO) of
MnPc with the 4Eg ground state originates from the a1g orbital of the Mn
2+
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ion, it is proposed that a1g-a1g exchange coupling via the pi orbitals of the
phthalocyanine ring plays a crucial role in the ferromagnetism of β-MnPc.
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Figure 1: (Color online) Molecular structure and magnetic properties of manganese ph-
thalocyanine (MnPc). (a) Molecular structure of the transition-metal phthalocyanine. Un-
labeled atoms are carbon. (b) Molecular stacking structure along the b axis of β-MnPc.
(c) Two energy-level schemes for MnPc with S = 3/2, namely, the 4Eg and
4A2g ground
states. (d) The temperature dependence of magnetization at H = 500 Oe for β-MnPc
samples. The measurement was made in field cooled (H = 500 Oe) and the samples were
measured during warm-up.
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Figure 2: (Color online) Mn 2p→3d XAS (a) and XMCD (b) spectra of MnPc, recorded
at H=8 T.
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Figure 3: (Color online) Mn 2p→3d XAS and XMCD spectra of β-MnPc. (a) Mn 2p→3d
XMCD spectra of β-MnPc measured at various magnetic fields. (b) A magnified view
of the XMCD spectrum at H=0.1 T. (c) Magnetic moments at various magnetic fields
obtained from the Mn 2p→3d XMCD spectra.
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Figure 4: (Color online) Mn 2p→3d XMCD spectrum compared with cluster-model cal-
culations. (a) Mn 2p→3d XMCD spectrum at H=0.1 T compared with calculations for
the 4Eg and
4A2g ground states. (b) Schematic picture of the a1g-a1g coupling via the eg
orbitals of the Pc ring in β-MnPc. The nodal plane (dashed line) of the eg orbital passes
through two pyrrole N atoms and the central Mn2+ ion.
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